The role of small crack behavior on life predictions is addressed with particular reference to cracks growing in the notch plastic zones of geometric stress concentrations. An experimental study of the elastic-plastic fatigue behavior of small surface cracks in Alloy 7 18 at 650°C was conducted under global strain control. During cycling, crack lengths were continuously measured using the direct current potential drop technique while the near field crack mouth opening displacement was measured using a laser interferometry technique. Crack tip plastic zones were measured by a post test metallographic technique. The anomalous growth behavior discovered at short crack lengths has been analyzed using several driving force parameters in an attempt to consolidate its growth rate with that of long cracks. This analysis has demonstrated that the anomalous growth rate is a transient phenomena and not an intrinsic feature of the material. The conclusion of this study is that in turbo-machinery, accurate residual life predictions for components of Alloy 718 can be based on the integration of long crack growth rate data for this alloy.
Introduction
During the past two decades, drastic changes have occurred in the design criteria of gas turbine engines. Previously, most engine components were designed based on creep and stress rupture properties of the materials. However, demands to improve the performance and efficiency of gas turbines has caused a transition in the life-limiting mechanism for over 75% of the rotating components in an engine to low cycle fatigue [ 11. There are several approaches based on crack initiation and growth that have been used to integrate fatigue data into the design life calculations.
Realizing that most components contain material inhomogeneities or machining defects which act as cracks has lead to defect tolerant design approaches [2] . Here, component life is based on an integration of crack propagation rates from an initial crack length, based on nondestructive investigation (NDI) techniques, to a critical size for the component. An extension of this approach allows individual components to be returned to service following a ND1 for cracks. In this "retirement for cause" approach, the variability of the crack initiation is exploited, extending the useful life of the component. The safe life is generally determined from an integration of crack growth rates from the reliable ND1 limit. At or before these safe intervals, the components are inspected for cracks. If no cracks are detected, the component is returned to service until a subsequent inspection discovers a crack. At this time, the component is removed from service. The safety of this approach is critically dependant on the ND1 technique and accurate fracture mechanics life predictions [3] . With the use of high strength materials at high stresses, the critical crack sizes are very small making accurate predictions of the growth of small cracks essential.
At the notch relevant locations of a gas turbine engine, the plastic strain range would be great enough to consider that low cycle fatigue life is predominately one of fatigue crack growth. In this case, the crack would initiate from some intrinsic or extrinsic flaw in the component which is smaller than the current crack detection limit. The component life could be calculated, then, by integrating the crack growth rate vs. AK starting at this assumed initial flaw size and ending at the catastrophic size for the component. Lankford and Hudak [4] performed such a calculation for a surface crack growing in a disk web cooling hole. Based on the small crack data for Astroloy of Hicks and Brown [5] , their results show that the small crack integration was vastly non-conservative at initial crack depths of 200 pm or less when compared to the long crack integration. They also observed that the high cycle fatigue limit of Astroloy is less that lo6 cycles when based on the small crack integration. This type of low amplitude, high frequency vibration occurs in regions of the disk where the blade attaches. Since a large number of high frequency cycles can accumulate rapidly, the failure of the blade attachment location should happen frequently. The fact that this is not the case suggests that this area of small crack behavior needs further examination.
Though there has been a thorough study of the small crack growth behavior in a number of materials, see reviews on the subject in Refs [6, 7] , only a limited amount of information exists on the growth of these cracks in nickel-base superalloys. Additionally, only a small fraction of this data was obtained at actual gas turbine engine operating temperatures and related stress-strain conditions. Romanoski and Pelloux [8] , for example, have examined crack initiation from intrinsic pores and the subsequent growth of small surface cracks at 649°C in the very fine grained (3 pm) superalloy IN100 (pm). Their analysis included both the elastic and elastic-plastic crack growth behavior of this material. They did not find accelerated small crack growth response under the conditions investigated. Healy, et. al. [9] , on the other hand, found rapid crack growth below the long crack threshold for short cracks at room temperature and 500°C in Waspaloy with a grain size of about 40 ym. This behavior was similar to that found by Hicks and Brown [5] in Astroloy.
The objective of the present study is to investigate the growth characteristics of small cracks in the nickel-base superalloy, Alloy 718, under global elastic-plastic cyclic conditions simulating the cyclic plasticity found at notch locations in gas turbine engines. An emphasis was placed on the detection of anomalous crack growth behavior at short crack lengths and the determination of the mechanism responsible for the behavior. The variables investigated in this study include the strain range, from 0.8% to 1 .O%, and mean strain, from fully reversed to fully tensile cycling.
Experimental Procedure
The specimens used in this study were machined from a conventionally heat treated rolled ring forging of Alloy 718. This processing resulted in the microstructure shown in Fig.  1 with delta phase along the grain boundaries and twin boundaries and a wide-range grain structure ranging from 20 to 300 pm with an average grain size of 130 pm (ASTM No. 3). Surface cracks were initiated in rectangular cross section specimens from either hemispherical EDM pits 125 pm in diameter or free surface conditions on smooth specimens where initiation occurred at persistent slip bands. Due to the large grain size of this material and the initiation configurations, the minimum crack size in the study was limited to a depth of about 150 pm. All tests were conducted under total strain control in a laboratory air environment at 650°C using a low frequency induction heating system in conjunction with a computer controlled servohydraulic test machine. A triangular wave form was used with a loading frequency of 0.05 Hz which is below the transition frequency for this material [lO,ll] .
The crack growth was measured by a low noise, high gain DC potential drop (PD) system capable of providing continuous measurement of the crack length [12] . To quantify the evolution of the closure in the small cracks, the local crack mouth opening displacement was measured using a laser interferometric displacement gage system (IDG) similar to that developed by Sharpe [13] . The values of crack closure, determined by the method of Chen and Nisitani [14] using the load versus crack mouth opening displacement from the IDG system, were used to determine the effective crack driving force. Figure 2 . shows an instrumented specimen with precrack initiated from an EDM flaw. The location of the potential drop wires as well as the microhardness indents used with the laser interferometry system to measure the crack mouth opening displacement are also shown. The crack tip plastic zone size was measured from a post test heat treatment [15] of fractured and sectioned specimens using a particular heat treatment procedure that cause the precipitation of stable delta phase nucleating from sheared y" precipitates and growing along the active slip plane. By carefully sectioning and polishing of the specimens, the plastic zone can be determined from the extent of the region decorated with precipitates.
Results and Discussion Figure 3 shows the fracture surface features associated with the elastic-plastic test conditions. It can be observed that the cracking mode is predominately intergranular in nature. These features are identical to those resulting from the fracture processes of long cracks subjected to the same cyclic loading frequency under linear elastic test parameters [lo] . The similarity between these surfaces indicates that the crack growth, in both cases, is driven by the same time-dependent, environment-controlled fracture mechanism [ 161. This could imply that if the true driving force for the case of elastic-plastic crack growth was found, then a consolidation between the linear elastic and elastic-plastic crack growth rates should exist. The first attempt in this path has been carried out based on linear elastic fracture mechanics with the driving force calculated for surface cracks as, AK,,,= YAo& (1) where AGS is the stress intensity factor range which takes into account the positive applied load range and Y is a shape factor chosen as 0.73 which is suitable for the cracks and geometry in the study. The results in the form of da/dN versus AGS are shown in Fig. 4 . The validity of using a linear elastic fracture mechanics term is in question for this elastic-plastic study, but the correlation does show some interesting points about the growth behavior. Notice that most of the crack growth rate curves show an initially accelerated region at low values of AK where the crack length is the shortest. This accelerated region is shown to extend to approximately 450 pm in crack depth. Furthermore, the use of A&,, did not consolidate the growth rate curves from the different applied strain ranges. This has been attributed to the effect of the global cyclic plasticity as noted by the authors [17] . A more accurate description of the crack growth rates could then be made by expressing the crack growth rates in terms of the equivalent stress intensity factor, A&,, formulated by Starkey and Skelton [ 181 as AKq= Y(Ao+EA&&& (2) where Y is the LEFM shape factor, E is elastic modulus, and As is the global plastic strain range. The result of this approach, again in the form of da/dN versus AK,,, is shown in Fig.  5 . Here the consolidation of the various strain conditions is good and compares well with data from long crack (CT) specimens of the same material. However, the accelerated growth behavior of some of the conditions is still present. This indicates that the global plasticity is 5. Crack growth rate versus equivalent stress intensity factor, AKs.
important in the overall crack growth behavior of the material but does not control the small crack region. One of the most common causes of anomalous small crack behavior is the lack of fatigue crack closure [ 19-201. Using the measurements of the IDG system, the closure behavior of the cracks is shown in Fig. 6 for several of the conditions tested. Notice that the change of closure is such that at long crack lengths, the closure level tends towards zero load. This trend could be explained with the assumption that in these test conditions, closure is controlled by the cyclic strain limits [17] . The crack growth rates could then be compared in terms of the effective stress intensity factor, AK,, which is written as (3) where ho,, = o,,, -oopen-This comparison in the form of da/dN versus AK,, is plotted in Fig.  7 . The consolidation of the data is not improved over AK and the small crack effects are still pronounced. In a similar fashion, an equivalent effective stress intensity factor, AKeqeff can be formulated as AK eqefl= Y (Aa,+ Ed&&&. (4) Da/dN versus Aks eff is shown in Fig. 8 where it can be seen that, as with AK,,r, the closure did not account for the small crack behavior. The second main cause of anomalous small crack behavior is the possibility of excessive crack tip plasticity which would violate the crack tip zone size calculated on the basis of the 742 linear elastic fracture mechanics approach. This was investigated by measuring the crack tip plastic zone size on a number of specimens using the delta treatment technique as previously described. A photomicrograph is shown in Fig. 9 , of a delta treated specimen. The crack tip plastic zone is clearly marked by the precipitation of delta phase and is distinct from the substantially lower level of plasticity in the bulk of the material. Using a SEM, the plastic zones were measured at the crack surface, and at 30°, 60°, and 90" from the surface on Fig. 9 . Decoration of the crack tip plastic zone by the delta treatment technique. specimens that were sectioned radially, relative to the crack center, and polished. This showed the range of plasticity from plane stress at the surface to plane strain at the 90" slice. Results of these measurements for a 0.0% to 0.8% total strain range test, which did show accelerated growth in the small crack region, are shown in Fig. 10 . Here, it is seen that the plastic zone size is linear with respect to KzmaX even at small crack lengths, less that 500 pm, where the anomalous growth rate is observed and that the plane stress to plane strain plastic zone sizes differ by a factor of approximately three which is predicted by the Irwin plastic zone size calculation. All of the specimens examined in this manner followed the same trend as the specimen detailed above which indicates that the anomalous small crack growth is not accompanied by excessive plasticity which would contradict the small scale yielding assumption. On the basis of the above discussion, it is concluded that the acceleration phenomena associated with small crack growth behavior can not be entirely described in terms of crack tip closure or excessive crack tip plasticity. One of the factors that, however, was not considered here is the observation that the accelerated growth of small cracks in this study was only present in conditions where high temperature crack growth followed a room temperature precracking. If the yield value of the crack tip material undergoes a high to low variation during the transition from room to high temperature cracking, this variation may then be sufficient to cause crack tip transients of a form similar to that observed in underload applications. To examine this possibility, two tests were conducted in which the cracks were initiated at high temperatures under elastic-plastic total strain control, thereby eliminating a transient precrack effect. The high temperature initiation was carefully performed to produce similar initial crack lengths to the room temperature precracked specimens. To do this, the specimens were cycled at the test conditions for a number of cycles estimated to initiate a crack. The specimens were then brought to zero load and cooled to room temperature after which plastic replicas were taken of the specimen surface to detect cracks. When a crack was found of sufficient size and oriented on the specimen similar to those grown from the EDM flaws, the specimen was instrumented for the IDG and PD measurements and the test was continued. In restarting the tests, care was taken to return the specimen to the appropriate location on the stress-strain hysteresis loop. The results of one of the high temperature initiation tests is shown in Fig. 11 in terms of A\Kes eff with the data from a room temperature initiated crack under the same global stress-strain conditions, -0.33% to 0.67% strain range. Notice that the initial accelerated crack growth rate region is missing in this specimen.
To confirm that the anomalous behavior is associated with the transient caused by the precrack technique and not the crack length, a test was run on a specimen with a longer initial crack length of 490 pm which is longer than the duration of the transient growth behavior for a smaller crack. Fig. 12 shows the crack growth rates for two cracks cycled under the same cyclic conditions, 0.0% to 0.8% strain range, with different initial crack lengths. It can be seen that the long crack shows a similar initial acceleration in growth rate even for a crack length over twice that of the shorter crack. This indicates that the anomalous crack growth is not related to a small crack length and does not represent an intrinsic material property. A more detailed discussion of this effect can be found in ref [21] . The accelerated growth rates seen here are similar to initial crack growth transients seen in the titanium alloy Ti-1100 tested in high vacuum at 593°C [22] . The specimen in this case was a compact tension type and the initial crack length is over 8 mm (the specimen width was 20 mm). One explanation for this observation was the increased slip reversibility in vacuum due to the lack of oxide pinning of the slip planes which would cause a enlargement of the crack tip plastic zone with the vacuum cycling.
It is assumed that in service, the crack initiation process will be similar to a laboratory high temperature initiation condition where no true small crack behavior exists in this material. In this case, residual life prediction techniques, such as that by Lankford and Hudak [4] , can be accurately made using long crack growth data. For cracks growing in the elastic-plastic fields of notch roots it is necessary to account for the cyclic plasticity in the notch root using a driving force term such as 4Kfq or AJ. Also, the lower limit of crack size should be chosen based on a physically sound nntiation process. In this material, where cracks are generally observed to initiate along persistent slip bands, the minimum crack length that is required to preform a life prediction integration could be obtained in relation to the grain size dimensions. 
Conclusions
In Alloy 718 under elastic-plastic cyclic conditions, the anomalous small crack growth rates are not an intrinsic feature of the material and are transient effects due to the experimental precrack technique and are not crack length dependent.
The growth of cracks under elastic-plastic conditions is consolidated with linear elastic long crack data using the term AK,, eff by accounting for the global plasticity and the level of crack closure.
In turbo-machinery, therefore, accurate residual life predictions for components made from Alloy 718 can be based on the integration of long crack growth rate data of this alloy. This requires, however, that the lower limit of crack length is chosen based on a physically interpreted crack initiation process.
